Transcription factor DREB2A interacts with a cis-acting dehydration-responsive element (DRE) sequence and activates expression of downstream genes involved in drought-and salt-stress response in Arabidopsis thaliana. Intact DREB2A expression does not activate downstream genes under normal growth conditions. A negative regulatory domain exists in the central region of DREB2A, and deletion of this region transforms DREB2A to a constitutive active form (DREB2A CA). We carried out microarray analysis of transgenic Arabidopsis-overexpressing DREB2A CA and found that the overexpression of DREB2A CA induces not only drought-and salt-responsive genes but also heat-shock (HS)-related genes. Moreover, we found that transient induction of the DREB2A occurs rapidly by HS stress, and that the sGFP-DREB2A protein accumulates in nuclei of HS-stressed cells. DREB2A up-regulated genes were classified into three groups based on their expression patterns: genes induced by HS, genes induced by drought stress, and genes induced by both HS and drought stress. DREB2A up-regulated genes were down-regulated in DREB2A knockout mutants under stress conditions. Thermotolerance was significantly increased in plants overexpressing DREB2A CA and decreased in DREB2A knockout plants. Collectively, these results indicate that DREB2A functions in both water and HS-stress responses.
Transcription factor DREB2A interacts with a cis-acting dehydration-responsive element (DRE) sequence and activates expression of downstream genes involved in drought-and salt-stress response in Arabidopsis thaliana. Intact DREB2A expression does not activate downstream genes under normal growth conditions. A negative regulatory domain exists in the central region of DREB2A, and deletion of this region transforms DREB2A to a constitutive active form (DREB2A CA). We carried out microarray analysis of transgenic Arabidopsis-overexpressing DREB2A CA and found that the overexpression of DREB2A CA induces not only drought-and salt-responsive genes but also heat-shock (HS)-related genes. Moreover, we found that transient induction of the DREB2A occurs rapidly by HS stress, and that the sGFP-DREB2A protein accumulates in nuclei of HS-stressed cells. DREB2A up-regulated genes were classified into three groups based on their expression patterns: genes induced by HS, genes induced by drought stress, and genes induced by both HS and drought stress. DREB2A up-regulated genes were down-regulated in DREB2A knockout mutants under stress conditions. Thermotolerance was significantly increased in plants overexpressing DREB2A CA and decreased in DREB2A knockout plants. Collectively, these results indicate that DREB2A functions in both water and HS-stress responses.
AP2-type transcription factor ͉ drought-stress tolerance ͉ heat-stress tolerance ͉ knockout mutants ͉ microarray analysis E nvironmental stresses such as heat, cold, drought, and high salinity influence plant growth and productivity. Plants respond and adapt to these stresses to survive under stress conditions at physiological and biochemical levels. These stresses have been shown to induce the expression of genes with various functions in a variety of plants (1) (2) (3) (4) . The cis-and trans-acting elements that function in stress-responsive gene expression have been precisely analyzed to elucidate the molecular mechanisms of gene expression in response to drought stress (5) . The dehydration-responsive element (DRE) with the core sequence A͞GCCGAC was identified as a cis-acting promoter element that regulates gene expression in response to drought, salt, and cold stresses in Arabidopsis (6) . A similar motif was identified as the C-repeat and low-temperature-responsive element in coldinducible genes (7, 8) .
Arabidopsis cDNAs encoding the ethylene-responsive elementbinding factor͞APETALA2 (ERF͞AP2)-type DRE-binding proteins (DREB) CBF1, DREB1A, and DREB2A have been isolated with a yeast one-hybrid screening (9, 10) . They specifically bind to the DRE͞C-repeat sequence and activate the transcription of genes driven by the DRE sequence in Arabidopsis. Three DREB1͞C-repeat-binding factor (CBF) proteins are encoded by genes that lie in tandem on chromosome 4 in the order of DREB1B͞CBF1, DREB1A͞CBF3, and DREB1C͞CBF2 (10, 11) . Arabidopsis also contains two DREB2 proteins, DREB2A and DREB2B (10) . Although the expression of all three DREB1͞CBF genes is induced by cold stress but not by drought and salt stress, both DREB2 genes are induced by drought and salt stress (10) . Both DREB1͞CBF and DREB2 proteins bind to DRE, but DREB1͞CBFs are thought to function in cold-responsive gene expression, whereas DREB2s are involved in drought-responsive gene expression.
Overexpression of DREB1͞CBF driven by the 35S CaMV promoter causes growth retardation under normal growth conditions and increases stress tolerance of drought, high-salinity, and freezing in transgenic Arabidopsis (10, 12, 13) . More than 40 downstream targets of DREB1͞CBF have been identified by using microarray analysis (14) (15) (16) (17) . Many of their protein products, such as RNA-binding proteins, sugar transport proteins, desaturases, late embryogenesis-abundant (LEA) proteins, and osmoprotectant biosynthesis-proteins, are known to function against stresses (4) and are probably responsible for the stress tolerance of the transgenic plants. Transcription factors were also downstream targets, which suggests the existence of further regulation of gene expression downstream of the DRE͞DREB regulon (16) (17) (18) . Conserved sequences in the promoter regions of the genes directly downstream of DREB1A were analyzed, and A͞GCCGACNT was found in their promoter regions between Ϫ51 and Ϫ450 as a consensus DRE (16) .
DREB2 also has a conserved ERF͞AP2 DNA-binding domain and recognizes the DRE sequence. A genome search of Arabidopsis revealed at least six DREB2 homologues other than DREB2A and DREB2B. Because DREB2A and DREB2B are the only genes induced strongly by drought and high salinity among the eight genes of DREB2-type proteins, they are thought to be major transcription factors functioning under drought-and salt-stress conditions (19, 20) . Domain analysis of DREB2A by using Arabidopsis protoplasts revealed that a negative regulatory domain exists in the central region of DREB2A, and deletion of this region transforms DREB2A to a constitutive active form (21) . Overexpression of the constitutive active form of DREB2A (35S:DREB2A CA) significantly increased tolerance to drought stress but only slightly increased tolerance to freezing. Overexpression of this gene also resulted in growth retardation in transgenic Arabidopsis plants. Microarray analyses of the 35S:DREB2A CA plants revealed that DREB2A regulates the expression of many drought-inducible genes. However, some genes regulated by DREB2A are not regulated by DREB1A, which also recognizes DRE͞C-repeat but functions in coldstress-responsive gene expression (21) . Promoter analysis of the DREB1A-and DREB2A-regulated genes and gel mobility-shift assay by using both recombinant proteins indicated that DREB1A and DREB2A exhibit different DNA-binding specificities. DREB1A has the highest affinity to A͞GCCGACNT, whereas DREB2A preferentially binds ACCGAC (16, 21) . This difference controls the induction of different downstream genes between DREB1A and DREB2A. Although the DREB2A-regulated genes play important roles in drought-stress tolerance, they are not sufficient to withstand freezing stress.
In contrast to drought-and cold-stress responses, the acquisition of tolerance to heat-shock (HS) stress is correlated to the induction of HS proteins (HSPs). The expression of some HSP genes is reported to be induced not only by HS but also by drought stress (22) . HSPs act as molecular chaperones by maintaining homeostasis of protein folding and thus help to maintain the metabolic and structural integrity of cells (22) (23) (24) . HSP expression is regulated at the transcriptional level by HS transcription factors (HSFs), which recognize the conserved HS element in the promoter regions of HSP genes (24) (25) (26) . Arabidopsis contains 21 different HSF genes (27) , and this high multiplicity suggests the importance of backup and diversification of HSFs. However, microarray and genetic data indicate that different regulatory systems contribute to heat tolerance at different stages of the plant life cycle, and that different gene sets may control the complex multigenic process for acquiring thermotolerance (28, 29) .
In this study, we carried out a microarray analysis by using 35S:DREB2A CA plants and found that many HS-inducible genes were up-regulated. We showed that the expression of DREB2A was rapidly and transiently induced by HS and dehydration treatments, and that the DREB2A protein is accumulated by HS stress and localized in nuclei. Two T-DNA-tagged dreb2a mutants were used for further functional analysis. Many up-regulated genes in the 35S:DREB2A CA plants were downregulated in the dreb2a mutants. Here we report the HS stress tolerance of the 35S:DREB2A CA transgenic plants and HS sensitivity of the dreb2a mutants and discuss the role of DREB2A in both HS and drought stress responses.
Results
Microarray Analysis of DREB2A Up-Regulated Genes in Transgenic Arabidopsis Plants Overexpressing the Constitutive Active Form of DREB2A. We have shown that the DREB2A protein has a negative regulatory domain in the region between amino acid residues 136 and 165. Consequently, deletion of this region transforms DREB2A to a constitutive active form (DREB2A CA) (21) . Furthermore, overexpression of DREB2A CA with the CaMV 35S promoter induces expression of many stress-responsive genes (21) . To understand the entire transcriptional network of DREB2A, we analyzed up-regulated genes in the transgenic plants overexpressing DREB2A CA (35S:DREB2A CA) by using an Agilent Arabidopsis 2 Oligo Microarray (Agilent Technologies, Palo Alto, CA), covering Ͼ21,000 genes. We used 3-wk-old Arabidopsis plants of two independent lines overexpressing DREB2A CA, 35 S:DREB2A CA-a, and 35S:DREB2A CA-b (21) . Two experiments were performed for each RNA sample by using different labels, cy3 or cy5. In comparison to vector control plants, 483 genes with the average of expression ratios greater than two times in the 35S:DREB2A CA plants are listed in Table  1 , which is published as supporting information on the PNAS web site. Among the 483 up-regulated genes, 68 and 107 genes were induced by drought and salt stress, respectively, and 120 genes were induced by drought and͞or salt more than two times (K.M. and K.Y.-S., unpublished data; Fig. 5 , which is published as supporting information on the PNAS web site).
We subsequently focused on 36 DREB2A up-regulated genes that exhibited remarkable expression ratios greater than eight times, as summarized in Table 2 , which is published as supporting information on the PNAS web site. Among the 36 genes, 14 and 19 are induced by drought and high salinity, respectively. The DRE sequence (A͞GCCGAC), which is a recognition sequence of DREB2A, is found in the 1,000-bp promoter region of 29 genes among these 36 up-regulated genes. Expression for several of the identified up-regulated genes was confirmed by using quantitative RT-PCR and shown to increase in the 35S:DREB2A CA plants. With the exception of At1g52690 (LEA protein), their expression levels directly to DREB2A expression (see Fig. 6 , which is published as supporting information on the PNAS web site). Among the 36 up-regulated genes in 35S:DREB2A CA, genes for LEA proteins, dehydrins, and COR15A, which function in acquisition of stress tolerance to drought and high salinity, were identified (5). Interestingly, a gene for a HSF, AtHsfA3, was included in the up-regulated genes, and its expression ratio was highest in the 35S:DREB2A CA plants (except DREB2A). The HSF gene family consists of genes that encode transcription factors involved in HS-inducible gene expression (27) . In addition, genes for choloroplast-localized small HSP (CPsHSP, At1g52560), DnaJ-like protein (At5g37440), HSP70 (At3g12580), and HSP18.2 (At5g59720), which likely function in HS stress response, were also overexpressed in the transgenic plants. These results suggest that DREB2A functions not only in drought-and salt-stress responsive gene expression but also in HS stressresponsive gene expression.
To analyze the relationship between HS stress-inducible genes and the up-regulated genes in the 35S:DREB2A CA plants, a similar microarray analysis was performed. Total RNA samples were prepared from 3-wk-old plants treated at 37°C for 0.5 or 5 h and nontreated control plants (Tables 3 and 4 , which are published as supporting information on the PNAS web site). Heat-inducible genes (268 and 778) with expression ratios greater than two times were identified at 0.5 and 5 h, respectively. Among the 36 upregulated genes in the 35S:DREB2A CA plants listed in Table 2 , nine genes were shown to be induced by heat. Expression of DREB2A is also induced by HS stress. Interestingly, induction for four of these nine genes, such as At1g52560 (CPsHSP), HSP18.2, At4G36010 (thaumatin-like protein), and AtCYP18-1, was heatspecific, whereas the other five genes and DREB2A were induced by drought, salt, and heat stress ( Table 2) .
Expression Analysis of DREB2A and Its Up-Regulated Genes Under
High-Temperature Stress Condition. We performed quantitative RT-PCR to confirm the expression of DREB2A during heat stress (Fig.  1A) . The expression of DREB2A was rapidly and transiently induced by HS treatment (37°C) and peaked Ϸ30 min. Then, the expression of DREB2A drastically decreased to a relatively low level that was maintained until 10 h after the treatment. In contrast, DREB2A was gradually induced by drought and salt stress during 10 h. We also analyzed the effect of H 2 O 2 -induced oxidative stress and found that, although DREB2A was also gradually induced by H 2 O 2 , the level of its induction was lower than those by drought and salt stress. We then analyzed the effects of various plant hormone treatments. DREB2A was not induced by any plant hormones such as abscisic acid, cytokinin, ethephon, auxin, methyl jasmonate, and salicylic acid (data not shown). We analyzed expression of a DREB2A homolog and found a similar rapid induction of DREB2B in response to HS stress (Fig. 1B) . Similarly, the DREB2B gene was also gradually induced by drought, high salinity, and H 2 O 2 (Fig. 1B) .
To ascertain that HS stress induces accumulation of the DREB2A protein, we generated transgenic plants harboring a sGFP-DREB2A construct driven by the DREB2A promoter (promoter:sGFP-DREB2A). The same DREB2A promoter sequence was used as reported to be inducible under dehydration and salt stresses (19) . Three-week-old seedlings grown on agar plates were incubated at 37°C for 1.5 h. Roots and leaves of these plants were immediately observed with confocal microscopy. As shown in Fig. 1C , GFP fluorescence was detected in the nuclei of both root and leaf tissues, especially in root tips and cotyledons. DAPI staining was used to confirm the nuclear localization of the protein (data not shown). In contrast, under control conditions, almost no GFP fluorescence could be detected. These data indicate that the DREB2A protein is accumulated in nuclei by HS stress. Interestingly, these protein accumulation and localization patterns that were identified in leaves were not observed in guard cells, suggesting that DREB2A does not function in guard cells (data not shown). Quantitative RT-PCR was used to confirm the drought-and HS-induced expression of some DREB2A up-regulated genes identified by the microarray (Fig. 2) . Induction of AtHsfA3, AtGolS1, At4g36010 (thaumatin-like protein), and RD17 was detected under both HS-and drought-stress conditions (Fig.  2 A) . HSP70, AtCYP18-1, HSP18.2, and A1g52560 (CPsHSP) showed HS-inducible expression but did not clearly respond to drought stress (Fig. 2B) . In contrast, expression of At1g52690 (LEA protein) and RD29A was induced by drought stress but not by HS stress (Fig. 2C) . These results suggest that DREB2A is involved not only in drought-and salt-stress response but also in HS response.
Expression of the DREB2A Up-Regulated Genes in DREB2A Knockout
Mutants. To further analyze the function of DREB2A in HS-and drought-stress responses, we analyzed two knockout mutants, dreb2a-1 and dreb2a-2. T-DNAs were inserted 468 and 835 bp downstream of the translational start site of the DREB2A gene in dreb2a-1 and dreb2a-2, respectively (Fig. 3A) . These insertions were confirmed by the sequences of their respective PCR products. DREB2A expression was repressed in both dreb2a-1 and dreb2a-2 homozygous lines, as shown in the quantitative RT-PCR analysis (Fig. 3B ). Quantitative expression of DREB2A up-regulated genes was also analyzed both in the DREB2A mutants and wild-type plants (Columbia ecotype) with and without drought or HS-stress treatments for 0.5 and 1 h. 3C shows the expression of RD17, At4g36010 (thaumatin-like protein), and AtHsfA3 that are induced by both HS and drought stress. In contrast to wild-type plants, HS-inducible expression of these genes was decreased remarkably in both dreb2a-1 and dreb2a-2. Drought-inducible expression of the genes was also decreased, but their low-level expression was still detected even under stress conditions. Expression of HSP70, HSP18.2, and AtCYP18-1 that are induced by HS stress but not drought stress was also decreased in dreb2a-1 and dreb2a-2 (Fig. 3D) . Although a significant decrease of drought-stress-inducible expression of At1g52690 (LEA protein) was observed in knockout mutants, the response of RD29A was unclear (Fig. 3E) .
Then, we compared the expression profiles in the two DREB2A mutants of 3-wk-old plants under drought-or HS-stress conditions with that in the wild-type plants by using the Agilent Arabidopsis 2 Oligo Microarray. Genes with expression ratios Ͻ0.5 on the average of two mutant lines are listed in Tables 5 and  6 , which are published as supporting information on the PNAS web site. Eleven and 50 genes showed decreased expression in the DREB2A mutants under drought-and HS-stress conditions, respectively. Among these down-regulated genes, 31 were overexpressed more than two times in the 35S:DREB2A CA plants (Table 7 , which is published as supporting information on the PNAS web site). We searched for conserved sequences in the 31 promoter regions of the 36 DREB2A up-regulated genes by using the MEME program (30) . The 1,000-bp promoter regions upstream of putative transcriptional initiation sites that are the 5Ј end of the full-length cDNA clones were used for this search (31), and we found a highly conserved sequence (A͞GCCGAC) that included the DRE-core motif. We previously reported that DREB2A has a higher affinity to ACCGAC than GCCGAC (21) . Therefore, the frequency of ACCGAC and GCCGAC in the promoter region of the 35 genes was verified. Twenty-eight genes had DRE, A͞GCCGAC, sequence(s) within 1,000-bp promoter regions. Among the 28 genes, 24 (86%) have at least one ACCGAC sequence in their promoter regions. We were interested to determine whether the 35S:DREB2A plants had an improved tolerance to heat stress. Seven-day-old vector control and transgenic plants, germinating on a filter paper premoistened by liquid germination medium, were grown at 22°C and then subjected to HS treatment at 45°C. As shown in Fig. 4A , two transgenic lines of the 35S:DREB2A CA-a, 35S:DREB2A CA-b, and vector control plants grew well under 22°C. However, when the plants were exposed at 45°C for 1 h, only 13.4% of the vector control plants survived, whereas 88.0% of 35S:DREB2A CA-a and 85.4% of 35S:DREB2A CA-b survived during the subsequent 7-day recovery at 22°C. These results clearly indicate augmented thermotolerance of the 35S:DREB2A CA plants.
HS-Stress
We then compared the thermotolerance of the DREB2A knockout mutants to that of wild-type plants. Seven-day-old plants grown on a filter paper were subjected to 37°C for 1 h, then followed by 49°C for 1 h. Wild-type plants (78.4%) survived during the subsequent 7-day recovery at 22°C, whereas 62.2% and 51.4% of dreb2a-1 and dreb2a-2 survived, respectively (Fig.  4B) . Thus, the phenotype of these mutants in survival under HS stress contrasted with those of the transgenic plants overexpressing DREB2A CA, indicating that DREB2A functions in improving HS-stress tolerance.
Discussion
The DRE contains the core sequence A͞GCCGAC and has been identified as a cis-acting promoter element in regulating gene expression in response to drought, salt, and cold stresses in Arabidopsis (6) . DREB2A was subsequently isolated as a cDNA encoding a DREB protein by using a yeast one-hybrid screening (10) . Therefore, the function of DREB2A under these stresses has been well studied (10, 21) , but the effect of HS stress has not been previously studied. However, in our current study, we clearly identified the up-regulation of many HS-related genes such as AtHsfA3 and HSPs, as a result of overexpressing DREB2A CA (Table 2 and Fig. 6 ). We subsequently confirmed that these genes were induced by HS stress (Table 2 and Fig. 2) . Moreover, we found that the DREB2A gene is also strongly induced by HS stress (Fig. 1 A) , and that the sGFP-DREB2A protein is stabilized in the nuclei in plant cells by HS stress (Fig. 1C) . We hypothesized that DREB2A is important for the regulation of gene expression in response to heat stress as well as drought and salt stress. We later confirmed this hypothesis by using the dreb2a mutants and the 35S:DREB2A CA plants. Elimination of the DREB2A gene decreased HS-and drought-stress-inducible expression of DREB2A up-regulated genes (Fig. 3) . Finally, we found that the 35S:DREB2A CA plants showed enhanced thermotolerance, and that the dreb2a mutants displayed reduced survival under HS condition (Fig. 4) .
Four of five HS-related genes, AtHsfA3 and three HSPs, that are up-regulated in the 35S:DREB2A CA plants with remarkable expression ratios greater than eight times, showed strong inducible expression by HS stress (Table 2) . AtHsfA3 is a member of the HSF gene family, which consists of 21 genes belonging to three major classes that are based on structural differences, HsfA, HsfB, and HsfC. HsfAs, have been shown to be the major transcription factors that function in heat-induced expression of HSP genes (24) . AtHsfA3 might act as a transcription factor in HS-stress-responsive gene expression, but detailed function of AtHsfA3 has not yet been identified. HSP70 (At3g12580) encodes one of the HSP70 chaperones that have an essential function in preventing aggregation and in assisting refolding of nonnative proteins under stress conditions. They are also involved in the degradation of unstable proteins by targeting the proteins to lysosomes or proteasomes (22) . Overexpression of HSP70 genes in transgenic plants has been shown to correlate positively with the acquisition of thermotolerance and results in enhanced tolerance to drought, salt, and heat stress (22) . Two genes, At1g52560 (CPsHSP) and HSP18.2, encode small HS proteins (sHSPs). Although the sHSPs alone are not able to refold nonnative proteins, they probably bind to unfolded proteins and facilitate further refolding by HSP complexes (22) . These HSPs probably contribute to the acquisition of stress tolerance not only to heat stress but also to drought and salt stress in the 35S:DREB2A CA plants. Five more genes such as RD17 encoding a group two LEA protein (dehydrin), AtGolS1 encoding a galactinol synthase (32) , MT2A encoding a putative detoxification-related gene (33) , AT4g36010 (thaumatin-like protein) encoding a PR-5 like protein related to biotic stress, and AtCYP18-1 encoding an unknown protein, were shown to be HS-inducible. These genes may have important roles to increase HS stress tolerance in the transgenic plants. On the other hand, thermotolerance of the dreb2a mutants was not dramatically reduced (Fig. 4) . Our microarray analysis revealed that 956 genes showed HS-responsive expression, and 110 of them are upregulated by DREB2A (Tables 3 and 4) . Functionally redundant proteins are encoded by DREB2A-regulated and -unregulated HS-responsive genes. It appears that the latter genes are capable of complementing the DREB2A mutation.
Our microarray analysis of 35S:DREB2A CA plants confirmed that many drought-stress-or HS-inducible genes are potentially downstream of DREB2A (Table 2 and Fig. 2) . However, an analysis with a gain-of-function method with constitutive and ectopic gene expression sometimes creates false responses. Therefore, we confirmed the expression of these DREB2A up-regulated genes in the dreb2a mutants by using quantitative RT-PCR and microarray analyses. Six DREB2A up-regulated genes showed clear down-regulation of stress-inducible expression in both dreb2a-1 and -2 plants (Fig. 3 C and D) . Similar to DREB2A, most of the genes such as RD17, HSP70, AtCYP18-1, and HSP18.2 showed rapid and transient expression in response to HS stress, but their expression was slightly delayed. Although their expression peaked 1 h after stress treatment (Fig. 2 A and  B) , HS-inducible DREB2A expression peaked between 30 min and 1 h (Fig. 1 A) . This time lag supports the hypothesis that these genes are downstream targets of DREB2A. Drought-stressinducible expression of At1g52690 (LEA protein) also decreased in the dreb2a mutants (Fig. 3E) . In addition, stress-inducible expression of At1g01470 (LEA14), COR15A, At3g17520, XERO2, and RD29A was reduced in the microarray analysis of the dreb2a mutants ( Table 7) . All of these genes have DRE in their promoter regions, suggesting they are direct downstream genes of DREB2A.
Among 483 DREB2A up-regulated genes with the expression ratios greater than two times, 68 and 107 genes showed droughtand salt-responsive gene expression, respectively (Fig. 5) . Fiftyfive (80%) of the 68 drought-stress-inducible genes are also induced by salt stress. This extensive overlap suggests that a common regulatory mechanism exists between drought-and salt-induced gene expression of the DREB2A up-regulated genes. One hundred ten genes showed HS-responsive expression, and only 38 of them showed drought-and͞or salt stressresponsive expression (Fig. 5) . HS-and drought-specific expression of the DREB2A up-regulated genes was also detected by quantitative RT-PCR. Genes shown in Fig. 2B responded to HS but not to drought stress. In contrast, genes shown in Fig. 2C responded to drought but not to HS stress. These results suggest that distinct regulatory mechanisms exist between HS-and drought-͞salt-induced gene expression of the DREB2A upregulated genes. Recently, Diaz-Martin et al. (34) reported that a sunflower DREB2-type protein, HaDREB2, interacts with a heat-stress factor A9 (HaHSFA9), and these proteins synergistically induce expression of HaHSP17.6. Interaction of HS or drought-͞salt-stress specific cofactors such as HaAHSFA9 may be necessary to activate DREB2A. Otherwise, HS-or drought-͞ salt stress-specific repressors may inhibit the gene expression activated by DREB2A.
When sGFP was fused to full-length (FL) DREB2A (sGFP-DREB2A) and expressed in Arabidopsis, only weak green fluorescence was observed in the nucleus under unstressed control conditions. In contrast, strong sGFP signals were observed in the nucleus of the transgenic plants expressing chimeric genes with sGFP fused to DREB2A CA. DREB2A CA lacks the negative regulatory domain that contains a PEST sequence (21) . The FL DREB2A protein containing the PEST sequence may be degraded rapidly by the ubiquitin-proteasome system (21) . However, strong GFP fluorescence was detected in the nuclei of transgenic plants expressing sGFP-DREB2A under HS-stress conditions (Fig. 1C) . These data indicate that the DREB2A protein is stabilized by HS stress and nuclear-localized during stress conditions. The PEST sequence of DREB2A (RSDASEVTSTSSQSEVCTVETPGCV) contains many phosphorylation target sites of protein kinases such as PKC and CKII. Because the phosphorylation of the PEST sequence has been reported to be important for protein degradation (35) , it is plausible that the modification of the DREB2A protein by these kinases might be important for its stabilization under stress conditions. In summary, DREB2A is shown to play an important role in crosstalk between drought-and heat-stress responses. DREB2A is HS-stress-inducible and contains an HS element in its promoter. Moreover, DREB2A controls HSF as one of the downstream genes. This complex cascade of transcription may enable plants to properly respond to both heat and drought stress.
Materials and Methods
Plant Materials. Arabidopsis plants were grown, transformed, and treated as described (21) . The dreb2a-1 (line 379F02) and dreb2a-2 (line 179C04) mutants were obtained from the GABI-Kat (36) . For HS-stress treatment, Arabidopsis seedlings were grown on agar plates at 22°C for 3 wk and then transferred to 37°C.
Quantitative RT-PCR and Microarray Analysis. Total RNA was extracted with TriZol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, and quantitative RT-PCR was performed as described (21) . The primer pairs used in the real-time PCR are shown in Table 8 , which is published as supporting information on the PNAS web site. Microarray analysis and data mining were carried out as described (37) .
Observation of Subcellular Localization of Green Fluorescent Signals
in Transgenic Plants. The DNA sequence of sGFP fused with the DREB2A coding sequence and Nos terminator (NosT) of 35S:GFP-DREB2A plasmid (21) was amplified by PCR and cloned into the pGreenII0029 vector (38) by PstI and SalI sites. The 1.8 kbp of the DREB2A promoter sequence (19) was subsequently inserted in front of sGFP-DREB2A-NosT by the PstI site. Plant transformation was carried out as described (10) . GFP fluorescence was analyzed by a confocal laser-scanning microscope LSM5 PASCAL (Zeiss, Oberkochen, Germany).
